Vertebrate sensory hair cells in the inner ear are pharmacologically sensitive to aminoglycoside antibiotics. Although the ototoxicity of aminoglycosides is well known, the route of drug uptake by hair cells and mechanisms of cytotoxicity remain poorly understood. Previously published studies have documented the intracellular distribution of gentamicin using immunocytochemical, electron microscopic, and autoradiographic methods. In this article, we compare the subcellular distribution of fluorescently conjugated gentamicin (gentamicin-Texas Red, GTTR) with immunolabeled gentamicin using confocal or electron microscopy. Gentamicin (detected by postfixation immunocytochemistry) and GTTR were rapidly taken up by hair cells throughout the bullfrog saccular explant in vitro and preferentially in peripheral hair cells. Immunolabeled gentamicin and GTTR were observed at the apical membranes of hair cells, particularly in their hair bundles. GTTR was also identified within a variety of subcellular compartments within hair cells, including lysosomes, mitochondria, Golgi bodies, endoplasmic reticulum, and nuclei, and in similar structures by immunoelectron microscopy. The distributions of GTTR and immunolabeled gentamicin are largely identical and corroborate a variety of published immunocytochemical and autoradiography studies. Thus, GTTR is a valid fluorescent probe with which to investigate the pharmacokinetics and mechanisms of gentamicin accumulation.
INTRODUCTION
Gentamicin is a positively charged aminoglycoside antibiotic that is selectively toxic to inner ear sensory hair cells (Miller 1985) and kidney proximal tubule cells (Humes 1999) . Gentamicin is used clinically to treat life-threatening, Gram-negative bacterial infections (e.g., meningitis), to prevent infection in patients with severe burns or large wound injuries, and also in premature babies. However, serious nephrotoxic and ototoxic side effects can occur when aminoglycosides are used clinically (Barza and Lauermann 1978; Lerner and Matz 1979) .
Although serum clearance of aminoglycosides is rapid (<24 h), both proximal tubule cells and hair cells preferentially accumulate and retain aminoglycosides. The most-investigated mechanism of aminoglycoside uptake has been endocytosis, followed by lysosomal processing (Humes 1988; Hashino et al. 1997 Hashino et al. , 2000 Sandoval et al. 1998 Sandoval et al. , 2000 . In hair cells, aminoglycosides have long halflives (5-6 months) and are poorly degraded Imamura and Adams 2003b) . Autoradiography of tritiated gentamicin and immunocytochemical methods have revealed the intracellular distribution of gentamicin following fixation, but these methods cannot be used to follow uptake of gentamicin by living cells in real-time. A fluorescent probe was conjugated to gentamicin to enable the same probe to be used for both: (1) high-resolution confocal microscopy of intracellular distribution in fixed surface preparations and (2) pharmacokinetics of gentamicin accumulation by living cells. Furthermore, a fluorescently conjugated gentamicin will have less regulatory and environmental impact than radiolabeled substances. In this article, we compare the subcellular distribution of fluorescently conjugated gentamicin (gentamicin-Texas Red, GTTR) with that for immunolabeled gentamicin in bullfrog saccular hair cells in vitro. Demonstrating that the subcellular locations of GTTR are similar to that for immunolabeled gentamicin is essential prior to determining the potential utility of GTTR for pharmacokinetic investigations of gentamicin accumulation and distribution.
METHODS
Gentamicin sulfate (Sigma, St. Louis, MO; 50 mg/ml in K 2 CO 3 , pH 9) and succinimidyl esters of Texas Red (Molecular Probes, Eugene, OR; 2 mg/ml in dimethyl formamide) were agitated together overnight to produce a gentamicin-Texas red conjugate (GTTR). Typically, 4.4 ml of 50 mg/ml (final volume) gentamicin sulfate (GT) was mixed with 0.6 ml of 2 mg/ml Texas Red (TR) esters to produce an approximately 300:1 molar ratio of GT:GTTR. A high ratio of free gentamicin to TR esters ensures a minimum of unbound TR molecules, and a binding ratio of 1 TR molecule to 1 GT molecule (Sandoval et al. 1998) . Gentamicin sulfate has three isoforms with molecular weights of (C1) 449.5, (C2) 463.5, and (C1 a ) 477.6. Texas Red succinimidyl esters have a molecular weight of 817. When combined, the conjugates have (rounded) molecular weights of 1165, 1179, 1193, respectively, after loss of the carbonyl amine from the reactive TR. Gentamicin has 3 or 4 amine groups depending on the isoform, and the conjugation of a TR molecule to a gentamicin amine group reduces the ionic charge of the conjugated molecule by one for each amine group conjugated to TR (generally one), proportionately increasing its hydrophobicity. After conjugation, the GTTR conjugate is typically still a polyamine and a polycation.
Saccule explanation
Bullfrogs (Rana catesbeiana) were anesthetized with 0.2% MS-222 and chilled before decapitation. The temporal bones were excised in cold oxygenated HEPES-buffered saline (HBS) containing 110 mM Na + , 2 mM K + , 4 mM Ca 2+ , 120 mM Cl ) , 3 mM Dglucose, and 5 mM HEPES (pH 7.25; 220 mOsm). Each saccule was isolated and the otolithic membrane removed by proteolytic digestion for 20 minutes in oxygenated 50 lg/ml subtilopeptidase BPN (Sigma) at room temperature. Saccular explants were then incubated in Wolf-Quimby culture medium (containing 1 mM Ca
2+
; Life Technologies, Carlsbad, CA) supplemented with 100 lg/ml ciprofloxacin in a 5% CO 2 environment at 25°C (Steyger et al. 19971998) . Gentamicin-treated explants were incubated in the above culture media, supplemented with 300 lg/ml GT/GTTR. The Institutional Animal Care and Use Committee of Oregon Health & Science University approved these procedures.
Confocal microscopy
For confocal microscopy, excised saccular explants were individually preloaded (for 40 min) with 50 nM MitoTracker, 50 nM Lysotracker Green, 1 lM NBDceramide, or 1 lM ERtracker (Molecular Probes) in Wolfe-Quimby amphibian culture media to label mitochondria, lysosomes, Golgi bodies, or endoplasmic reticulum, respectively, prior to incubation with 300 lg/ml GT/GTTR for 2 h. Explants were either (1) fixed in 4% formaldehyde (MitoTracker Green-and Lysotracker Green-loaded explants) and mounted, or (2) placed in chambered coverslips and directly observed live (NBD-ceramide-and ERtracker-loaded explants), using a Bio-Rad MRC 1024 ES laser scanning confocal system attached to a Nikon Eclipse TE300 inverted microscope. For immunocytochemistry of gentamicin, explants were incubated with 300 lg/ml unconjugated gentamicin for 30 min or 2 h, fixed, ice-cold acetone-permeabilized, and processed for indirect fluorescence immunocytochemistry. Explants were immunoblocked with 10% horse serum and 1% bovine serum albumin (BSA) in 0.02 M PBS for 30 min and incubated with antigentamicin antibodies (American Qualex, San Clemente, CA) overnight. After washing in 1% BSA-PBS, explants were incubated in Alexa-568-conjugated goat antirabbit secondary antibodies. Subsequently, organs were labeled with Alexa-660-conjugated phalloidin and/or Sytox Green (Molecular Probes), prior to mounting in VectaShield (Vector Laboratories, Burlingame, CA) and confocal imaging. Immunocytochemical controls included: (1) primary antibody labeling of saccular explants incubated with normal culture media only, and (2) gentamicin-adsorbed primary antibody labeling of GT-treated explants. Confocal images of double-labeled specimens were collected sequentially to prevent bleed-through and cross-talk between the different fluorescent probes, using a · 60 [numerical aperture (N.A.) 1.4] objective lens in 1024 · 1024 pixel frames with an xy resolution = 240 nm and xz resolution = 400 nm, and post-processed using the Bio-Rad LaserSharp imaging software. Colocalization analysis was performed only on individual optical sections within a focal series. Pixels containing both red (e.g., GTTR or immunolabeled GT) and blue (phalloidin-Alexa-660) or green (Sytox Green) intensities above a user-defined threshold appeared as white within a colorized merged image for each optical section, indicating which pixels were sites of colocalization of the two chosen fluorophores.
Resolution of the confocal microscopy system
To determine the observed xy resolution for the BioRad MRC 1024 confocal system attached to a Nikon TE300 microscope, subresolution fluorescent beads (0.175 lm; Molecular Probes) mounted under 1.5 coverslips were imaged, and the full-width half-maximum (FWHM) of several fluorescent specks was obtained for each lens used. The observed z-axis resolution was obtained by blue reflection imaging of an ultrathin sputter-coated coverslip (<30 nm) to subsequently obtain the FWHM (Pawley 1995) . The FWHM is derived from a line intensity graph of the subresolution target, where the observed optical resolution equals the width between the two slopes, approximately halfway between baseline and peak fluorescence of a subresolution fluorescent bead. The y-coordinate is derived using the following equation:
Therefore, the optical resolution (in lm) is x-coordinate of Slope 2 ) x-coordinate of Slope 1 (Pawley 1995) .
Immuno-electron microscopy
Saccular explants were incubated with 300 lg/ml unconjugated GT for 2 h prior to washing and fixation in 4% paraformaldehyde plus 0.5% glutaraldehyde in 0.1 M phosphate buffer for 2 h. Samples were dehydrated through an ascending alcohol series at progressively lower temperatures, culminating at )40°C. Subsequently, samples were infiltrated with LR Gold over 72 h and polymerized with UV light for 48 h using the Leica AFS low-temperature embedding system. Ultrathin sections were obtained on an ultramicrotome, collected on nickel grids, and passaged several times through distilled water and subsequently several times with 5 mM Tris (TBS). Grids were then immunoblocked with 20% normal goat serum in TBS for 30 min and incubated overnight with gentamicin antibodies in 1% BSA/TBS at 4°C. Grids were rinsed three times in TBS and incubated in gold-labeled secondary antibodies (15 nm gold particles conjugated to goat antirabbit IgG, diluted 1:100; Ted Pella) in 1% BSA in TBS for 1 h. Immunocytochemical controls included (i) replacing primary antibodies with gentamicin-adsorbed primary antibodies, or (ii) primary antibody labeling of sections cut from embedded explants incubated in normal culture media only. Grids were washed in TBS and water, stained with 2% aqueous uranyl acetate, and observed in a Philips CM 100 transmission electron microscope.
RESULTS

Specificity of GTTR labeling
Control explants were imaged using the same confocal settings for laser power, iris size, gain, and black levels as the contralateral saccular explant contemporaneously treated with GTTR. When saccular explants were incubated with 300 lg/ml GT/GTTR (300:1 molar ratio) for 30 min prior to fixation and mounting, an intense band of fluorescence was pre- Theoretical resolution formulae (Nikon):
, where k is wavelength (515 nm), g is immersion oil refractive index (1.515); N.A. is numerical aperture, and mag. is magnification.
sent around the edge of the sensory epithelium (Fig.  1A) , with less intense fluorescence within the central region of the saccule (Fig. 1A) . There is little fluorescence in the extrasensory epithelium (Fig. 1A ).
Explants incubated with 300 lg/ml GTTR plus a 40-fold excess of unconjugated GT (i.e., 12 mg/ml) displayed reduced fluorescence in the sensory epithelium, particularly in the peripheral regions (Fig. 1B ). Explants incubated with 300 lg/ml free GT and 1.8 lM unconjugated (hydrolyzed) TR exhibited negligible fluorescence in the sensory epithelium (Fig. 1C) , as did explants incubated with unconjugated TR alone (Fig. 1D) . Thus, because GTTR fluorescence in saccular explants was reduced by excess free GT and was not replicated by free Texas Red, the fluorescence distribution pattern in explants treated with GT/GTTR was considered representative of GTTR localization.
Distribution of GTTR in bullfrog saccular explants
To identify the cell type(s) preferentially accumulating GTTR at the saccular periphery, explants were incubated with 300 lg/ml GT/GTTR for 30 min prior to fixation, permeabilization, and labeling for filamentous actin with FITC-phalloidin. Intense FITCphalloidin labeling revealed a kidney-shaped region of bright dots resembling the extent of the sensory epithelium and a reticulated network outlining cells throughout the epithelial sheet ( Fig. 2A) . The bright dots represent the hair cell bundles viewed from above. GTTR fluorescence occurred throughout the sensory epithelium and particularly at its periphery (Fig. 2B) . Superimposition of the FITC-phalloidin and GTTR fluorescence signals revealed that the hair bundles of the sensory epithelium were further outlined by a perimeter of intense red fluorescent cells, outside of which there was little GTTR fluorescence ( Fig. 2C, D) . At higher magnification, the peripheral red fluorescent cells in the growth zone regions at the neural edge of the macula (Fig. 2B, D) and around the periphery of the sensory macula can be identified as hair cells, indicated by the FITC-labeled hair bundle, within a circular cell apex surrounded by supporting cells with green polygonal margins (Steyger et al. 1997) . The red fluorescent signal ( Fig. 2D ; shown monochromatically in Fig. 2E ) revealed minimal GTTR fluorescence in the supporting cells surrounding the fluorescent hair cells. Within the peripheral hair cells, GTTR fluorescence was punctate and also diffusely dispersed throughout the FIG. 1. GTTR fluorescence is reduced by excess free gentamicin and is not replicated by free Texas Red. A. Typical distribution of GTTR fluorescence in saccular explants following in vitro incubation with 300 lg/ml GT/GTTR for 30 min. There are intensely labeled cells at the periphery (P) of the sensory epithelium, less intensely labeled central cells (C) and negligible labeling in the extrasensory epithelium (ES). B. Explants incubated with 300 lg/ml GT/ GTTR plus 12 mg/ml free GT display reduced GTTR fluorescence in the sensory epithelium, particularly in the peripheral regions. C. Explants incubated with 300 lg/ml free GT plus 1.8 lM unconjugated TR (equivalent to the concentration of TR in 300 lg/ml GT/GTTR) display negligible fluorescence within the sensory epithelium. D. Explants incubated with free TR alone also display negligible fluorescence. Scale bar in lm.
elongated cell body (Fig. 2E ). Hair cells with elongated cell bodies have been characterized as immature hair cells (Lewis 1985; Baird et al. 1996; Steyger et al. 1997) . Within the central region of the sensory epithelium, large cells with circular apices exhibited less intense punctate GTTR fluorescence than peripheral hair cells, together with diffuse somatic fluorescence not present in adjacent cells (Fig. 2G) . The large rotund cells displayed FITC-phalloidin labeling of a circular cell apex, from which a labeled hair bundle protrudes perpendicular to the surface of the sensory epithelium (Fig. 2F) , characteristic of mature hair cells (Lewis 1985; Baird et al. 1996; Steyger et al. 1997 ). These mature hair cells were typically surrounded by polygonal supporting cells with negligible GTTR fluorescence (Fig. 2F, G) .
FIG. 2.
GTTR is preferentially taken up by hair cells at the periphery of the saccular macula 30 min after addition of 300 lm/ml GT/GTTR. A. At low magnification, FITC-phalloidin labeling reveals a distinct pattern of bright dots (arrows) that represents the sensory hair bundles perpendicular to the surface of the sensory epithelium. B. GTTR fluorescence occurs throughout the sensory epithelium, and most prominently in the growth zone (GZ) and at the periphery (P) of the sensory epithelium. C. A merged image of FITCphalloidin (green) and GTTR (red), showing the hair bundles superimposed on GTTR-filled cell bodies (arrows). D. At higher magnification, the peripheral red fluorescent cells in the growth zone have intense green fluorescent hair bundles (arrows) at their cell apices. Note negligible GTTR fluorescence in the extrasensory epithelium (ES). E. The red signal only from the image in D reveals negligible labeling of nonhair cells and diffuse fluorescence in hair cells. GTTR fluorescence within peripheral hair cells is both punctate and diffuse. F. In the central region of the saccule, mature hair cells have large round apical surfaces, with an intensely fluorescent actiniferous hair bundle, and are surrounded by the green polygonal outlines of supporting cells. G. The red signal only from the image in F reveals punctate GTTR labeling with diffuse GTTR fluorescence within the hair cell soma only. Scale bars in lm.
Comparison of GTTR with immunolabeled gentamicin distributions
The distribution of GTTR fluorescence was compared with the distribution pattern of unconjugated gentamicin revealed by indirect immunofluorescence. In low-power images, explants incubated with 300 lg/ml GT/GTTR for 30 min displayed typical GTTR fluorescence throughout the sensory epithelium and preferentially at the periphery (Fig. 3A) , as described earlier. After incubation with GT/GTTR for 2 h, the difference in the intensity of fluorescence between the peripheral and central hair cell zones was substantially reduced (Fig. 3B ).
Explants incubated with unconjugated GT for 30 min or 2 h, detected using gentamicin immunocytochemistry, revealed immunolabeling throughout the sensory macula, with only a slight preferential increase in fluorescence at the periphery (Fig. 3C, D) . Explants incubated in normal culture media without GT for 30 min had negligible fluorescence following incubation with GT antisera and secondary antibodies (Fig. 3E ). Explants incubated with unconjugated GT for 30 min, fixed, and immunolabeled with GTadsorbed primary antibodies revealed negligible labeling compared to positively labeled explants (Fig.  3F) .
The distributions of GTTR and immunolabeled GT fluorescence in hair bundles were compared with phalloidin-Alexa-660 labeling in explants incubated with GTTR or unconjugated GT for 30 min. Both GTTR and immunolabeled GT fluorescence were identified in the vicinity of phalloidin-labeled hair bundles of both mature and immature hair cells (Fig.  4) . Colocalization analysis revealed numerous pixels within hair bundles that contained both red (GTTR Colocalization analysis of single optical planes of explants doublelabeled with phalloidin-Alexa-660 (blue) and GTTR (A'') or immunolabeled gentamicin (B'') reveal white pixels, indicating that immature hair bundles (c) are colabeled with GTTR or gentamicin antibodies. The kinocilium of several hair cells labeled with GTTR can also be seen ( fi ) in A' and A''. In the central saccule, mature hair cells labeled with phalloidin-Alexa-660-labeled hair bundles (c) appear above the sensory epithelium (C,D). GTTR (C') or immunolabeled gentamicin (D') fluorescence also occurs above the sensory epithelium in the region of the hair bundle (c), and verified by the white pixels in the colorized images using colocalization analysis (C'',D''). The kinocilium of several mature hair bundles labeled with GTTR can also be seen ( fi ) in C' and C''. All images are from explants incubated with 300 lg/ml GT/GTTR or unconjugated GT (and subsequently immunolabeled) for 30 min. Scale bars in lm.
FIG. 5. GTTR and immunolabeled gentamicin are both localized in the nuclei of hair cells. In immature hair cells (A,B), Sytox Green-labeled nuclei appear at the periphery of the sensory epithelium. GTTR (A') and immunolabeled gentamicin (B') occur in the same optical plane as Sytox Greenlabeled nuclei. Colocalization analysis of single optical planes of nuclei doublelabeled with Sytox Green and GTTR (A'') or immunolabeled gentamicin (B'') reveal white pixels, indicating nuclei or regions that are colabeled with GTTR or gentamicin antibodies. Only immunolabeled gentamicin (D''), but not GTTR (C''), can be readily seen in the nuclei of mature hair cells. GTTR (A',A'') and immunolabeled gentamicin (B',B'',D',D'') is also present in the perinuclear cytoplasm ( fi ). All images are from explants incubated with 300 lg/ ml GT/GTTR or unconjugated GT (and subsequently immunolabeled) for 30 min. Scale bars in lm.
or immunolabeled gentamicin) and blue (phalloidinAlexa-660) intensities above a user-defined threshold, confirming that phalloidin-labeled stereocilia were labeled with either GTTR or GT antibodies. The kinocilium of several immature and mature hair cells also exhibited GTTR fluorescence (Fig. 4) . No cross talk or bleed-through of Alexa-660-phalloidin fluorescence could be determined in the Texas Red channel (or vice versa) at the same laser power and acquisition settings used to collect stereociliary images (data not shown).
The distributions of GTTR and immunolabeled GT fluorescence in hair cell nuclei were also compared in explants incubated with GTTR or unconjugated GT for 30 min and subsequently labeled with Sytox Green that is specific for nucleic acids (Fig. 5) . At the saccular periphery, GTTR and immunolabeled GT were both present within immature hair cell nuclei (Fig. 5A', B' ). Co-localization analysis revealed many pixels in immature hair cell nuclei that contained GTTR or immunolabeled GT fluorescence at intensities above a user-defined threshold, confirming that these nuclei were labeled with GTTR or GT antibodies (Fig. 5A'' , B''). In mature hair cells, only immunolabeled GT could be readily identified in the nuclei (Fig. 5D'') . No cross talk of Sytox Green fluorescence could be determined in the Texas Red channel at the same laser power and acquisition settings used to collect these images (data not shown).
Subcellular compartmentalization of GTTR
Live saccular explants preloaded with Lysotracker Green, Mitotracker Green, NBD-ceramide, and ERtracker were treated with GTTR for 2 h, prior to washout and imaging. Colocalization analysis (Fig.  6A¢-D¢) revealed that the pixel clusters of punctate (red) GTTR fluorescence were colocalized with clusters of green pixels generated by fluorescence emission of Lysotracker Green, Mitotracker Green, NCBceramide, and ERtracker. The resolution of the confocal microscopy system (>230 nm, ·60 objective, N.A. 1.4) demonstrates that GTTR fluorescence is in the vicinity of these organelles.
Ultrastructural localization of gentamicin
On LR Gold sections, GT immunogold labeling was observed in the vicinity of the hair bundle and at the endolymphatic membrane of hair cells. Labeling was also observed within endosomes and other vesicular structures in the infracuticular regions of all hair cell types, adjacent to and within mitochondria, and within the nucleus (Figs. 7 and 8) . Often, gold particles could not be assigned to a particular structure and yet were present in significant numbers in the hair cell cytoplasm (Fig. 7A , and inset; 7C, D, E). No qualitative differences in the distribution of gold labeling could be determined at this ultrastructural level between mature and immature hair cells. The cytoplasmic immunogold labeling seen within hair cells could not be observed in adjacent supporting cells (Fig. 7A ) or in hair cells from explants not incubated with GT (Fig. 7B) . Thus, this cytoplasmic labeling may be the ultrastructural equivalent of the diffuse fluorescent labeling seen in hair cells (Fig. 2) . Supporting cells displayed comparatively weak gold labeling in the nucleus compared with hair cell nuclei (Fig. 8C) . Control sections of explants incubated with GT and immunoprocessed without primary antibodies, or with GT-adsorbed GT antibodies, displayed FIG. 6 . A-D. Explants preloaded with Lysotracker Green, Mitotracker Green, NBD-ceramide, and ERtracker that fluorescently label lysosomes, mitochondria, Golgi bodies, and ER, respectively, and subsequently incubated with GTTR for 2 h. (A'-D'). Colocalization analysis reveals as white pixels those areas where the red and green fluorescence intensities are above a user-defined threshold, indicating that GTTR is colocalized in the region of fluorescently labeled lysosomes (A¢), mitochondria (B¢), Golgi bodies (C¢) and ER (D¢). Scale bar in lm. negligible gold labeling (not shown). Sections of control explants (without GT treatment) incubated in the presence of GT antisera and secondary antibodies also displayed negligible nonspecific labeling (Fig. 7B) , except for very weak nonspecific labeling in the hair cell nucleus (Fig. 8B , compared with gentamicin-treated explants; Fig. 8A ).
DISCUSSION
Gentamicin ototoxicity remains a serious clinical and socioeconomic problem despite gentamicin's proven efficacy in treating Gram-negative bacterial infections like meningitis and its routine administration to premature babies to prevent infection. Although gentamicin has been known to induce ototoxicity since the 1960s (Hawkins et al. 1969; Wersall et al. 1969) , the mechanism by which it ultimately initiates hair cell death still remains unclear. Long-standing hypotheses suggest that endocytotic uptake of aminoglycosides and processing through Golgi bodies or lysosomes lead to the death of inner ear hair cells and kidney proximal tubule cells (Giuliano et al. 1984; Gratacap et al. 1985; Ding et al. 1995; Hashino and Shero 1995; Hashino et al. 1997 Hashino et al. , 1998 Hashino et al. , 2000 Sandoval et al. 1998 Sandoval et al. , 2000 . However, more recent evidence suggests that aminoglycosides may access the hair cell cytoplasm via the stereociliary mechanosensory transduction channels (Gale et al. 2001; Marcotti and Kros 2002) . Aminoglycosides increase intracellular levels of both calcium and reactive oxygen species in hair cells and kidney cells (Staecker et al. 1996; Hirose et al. 1997 Hirose et al. , 1999 McLarnon et al. 2002; and induce changes in the cytoskeletal organization and cytochemical composition of hair cells (Hackney et al. 1990; Steyger 1991; Imamura FIG. 7 . Gentamicin immunoelectron microscopy of mature hair cells on LR Gold sections. A. Immunogold labeling for gentamicin in a saccular hair cell is typically located in the vicinity of stereocilia (s), in the cuticular plate (cp), throughout the hair cell cytoplasm (see also inset), and often is associated with mitochondria (as in C,D). Note the comparative lack of labeling in the adjacent supporting cell (SC). B. Antigentamicin immunogold labeling of sections cut from an explant incubated with normal culture media reveals negligible nonspecific labeling. C,D. Immunogold labeling for gentamicin is often associated with mitochondria (c) and (E,F) as clusters associated with electron dense inclusions within the cytoplasm. Scale bars in lm.
and Adams 2003a), all of which are indicators of cellular progression along the cell death pathway. A better understanding of aminoglycoside interaction with all (intra-)cellular components is required to comprehend the mechanisms of toxicity in aminoglycoside-sensitive cells.
Distribution of GTTR fluorescence
Negligible fluorescence in confocal images of explants incubated with unconjugated Texas Red (in the presence or absence of unconjugated gentamicin) demonstrates the specificity of the fluorescence as originating from the gentamicin-Texas Red conjugate (GTTR), rather than from free unconjugated Texas Red molecules. These in vitro studies used constant gentamicin levels as in previous in vitro studies and direct intraotic gentamicin injections of bullfrogs (Baird et al. 1993 (Baird et al. , 1996 Steyger et al. 1997 ). However, these in vitro and intraotic methods invoke higher aminoglycoside concentrations in inner ear fluids than those achieved following systemic injections in vivo, where aminoglycoside accumulation in inner ear fluids vary as a function of access, time, and serum clearance (Tran Ba Huy et al. 1981) . Whether this constant (higher) concentration of gentamicin in culture media affects the route(s) by which GTTR enters hair cells in vitro remains to be determined. If 300 lg/ml gentamicin (<0.5 mM) in culture media were to induce membrane rupture and artifactual entry of both gentamicin and GTTR, then much higher concentrations of gentamicin should increase that effect. However, decreased fluorescence in explants incubated with GT/GTTR with an additional 12 mg/ml gentamicin (Fig. 1B) contraindicates this possibility.
The distribution of GTTR fluorescence in saccular explants is remarkably similar to that observed for immunolabeled gentamicin, at both light and EM levels. The fluorescence of GTTR was also only slightly more intense in peripheral hair cells than in mature hair cells after exposure to gentamicin for 2 h (as was the fluorescence of immunolabeled gentamicin after 30 min or 2 h). The qualitatively more intense punctate GTTR fluorescence in peripheral hair cells compared with mature hair cells at early time points may be due to increased endocytotic activity in peripheral hair cells, as observed in other explant protocols (Stanislawski et al. 1997) . Indeed, the preferential accumulation of GTTR by peripheral hair cells is not replicated in in vivo studies following systemic injection. In these studies using GTTR, there was always a 300-fold excess of unlabeled GT. This may have resulted in competition between gentamicin and GTTR for binding sites, transporters, or ion channels which would not occur in GT-only treated explants. In fact, in these immunocytochemical experiments, all the gentamicin is available for immunodetection.
Aminoglycosides are used routinely to block the mechanoelectrical transduction channel (Denk et al. 1992) . Thus, the presence of GTTR and immunolabeled gentamicin at the location of the hair bundle of mature and immature hair cells is unsurprising, corroborating previous reports (Tachibana et al. 1985 (Tachibana et al. , 1986 Richardson et al. 1989 ). These ultrastructural studies are not able to distinguish fluorescent or immunogold labeling binding to glycocalyceal or membraneous structures of the hair bundle (Au et al. 1987; Marche et al. 1987; Richardson et al. 1989 ) from binding within the stereocilia.
Mature hair cell nuclei were also strongly immunolabeled for gentamicin, but only weakly labeled by GTTR. This may be a function of molecular size limiting the passage of GTTR (compared with unconjugated gentamicin) through the cytoplasm and through nuclear pores in mature hair cells; however, immature hair cell nuclei are strongly labeled by GTTR. Mature hair cells may have greater cytoplasmic affinity for GTTR (because of their larger volume), or ability to sequester GTTR in vesicles, compared with immature hair cells, thereby reducing passage of GTTR to the nucleus. If so, this may limit the utility of the GTTR conjugate. Alternatively, the stronger presence of immunolabeled gentamicin in mature hair cell nuclei, compared with GTTR at early time points, may be due to competition between GTTR and unlabeled gentamicin for entry into the nuclei. Competition experiments between GTTR and unlabeled gentamicin during cellular accumulation is currently under investigation in this laboratory.
In the hair cell soma, GTTR is colocalized with fluorescence emissions of Lysotracker Green-, Mitotracker Green-, NBD-ceramide-, or ERtracker-labeled organelles in hair cells within 2 h, suggesting that GTTR is accumulated by lysosomes, mitochondria, Golgi bodies, and ER after uptake, as in kidney cells (Sandoval et al. 1998 (Sandoval et al. , 2000 . Although the resolution (>230 nm) of the confocal microscopy technique cannot confirm that GTTR is within the organelle membranes of these subcompartments, GTTR is located at least in the vicinity of these subcellular membrane-bound structures.
Gentamicin immunogold labeling was localized on the stereocilia and within the cuticular plate. Labeling was also associated with membrane-bound vesicles in the infracuticular cytoplasm and mitochondria and was distinctly above background levels within the nucleus. This confirms the patterns of GTTR and immunolabeled gentamicin fluorescence obtained using confocal microscopy. The overall GTTR and immunolabeled gentamicin distributions reported here also correspond closely with the previous localization of aminoglycosides in lysosomes, nuclei, and mitochondria of hair cells in previous studies (de Groot et al. 1990; Ding et al. 1995 Ding et al. , 1997 Hashino et al. 1997) .
The distribution of gentamicin within hair cells is not solely confined to subcellular compartments like mitochondria and lysosomes. A significant fraction of GTTR and gentamicin immunolabeling was diffusely distributed throughout the cytoplasm (Figs. 2, 5A', A'') and unassociated with particular structures in postembedding immunoelectron microscopy ( Fig.  7) , confirming previous reports of cytoplasmic labeling in kidney proximal tubules, retinal neurons, and guinea pig organ of Corti (Wedeen et al. 1983; Tabatabay et al. 1990; Beauchamp et al. 1991) . Figure  6 , illustrating the colocalization of GTTR with fluorescently labeled organelles, shows an apparent lack of cytoplasmic GTTR labeling. This may be due to the intense fluorescence of the organelle-associated GTTR overwhelming the cytoplasmic labeling. In addition, explants used in Figure 6 were not solvent-permeabilized, as were explants used in Figures 2-5. We have recently found that solvent treatment unquenches masked GTTR fluorescence through delipidation (S. Myrdal, personal communication). Thus, the overall degree of correspondence between GTTR and immunolabeled gentamicin in these studies suggests that GTTR reaches the same intracellular locations as unconjugated gentamicin. In addition, these distributions largely agree with the distribution of aminoglyco-sides administered both systemically and in vitro in previous studies.
Consequences of gentamicin accumulation
The accumulation of gentamicin by a variety of subcellular organelles suggests a variety of interactions between aminoglycosides and eukaryote cells, ranging from interactions with ion channels/receptors, endocytotic uptake, to modulating intracellular chemical activities. Gentamicin promotes calcium influx via the calcium-sensing receptor . Aminoglycosides also block stereociliary mechanosensitive transduction channels and have recently been reported to enter hair cells via these same channels (Hudspeth 1982; Kroese and van den Bercken 1982; Hudspeth and Kroese 1983; Gale et al. 2001; Marcotti and Kros 2002) . Entry of aminoglycosides into the cytoplasmic domain could facilitate accumulation by mitochondria and nuclei via diffusion or cytoplasmic trafficking rather than by endosomal transport.
Aminoglycosides are thought to enter the cytoplasmic domain of hair cells through cation channels (Gale et al. 2001; Marcotti and Kros 2002; Meyers et al. 2003) . Could GTTR do the same? Although the polycationic GTTR has a molecular weight 2.5-3 times greater than native gentamicin (see Methods), other large organic molecules, e.g., tetrahexylammonium, YO-PRO, can pass through cation channels (Khakh et al. 1999; Virginio et al. 1999; Huang et al. 2000) . Several characteristics other than molecular weight, e.g., physical dimensions, charge, hydrophobicity, also impact the ability of any specific molecule to permeate through any particular ion channel. We are currently testing the hypothesis that the amphiphilic GTTR molecule can permeate through cation channels.
Receptor-mediated endocytosis is a major mechanism of gentamicin uptake in kidney cells, where megalin and cubulin potentially play significant roles (Moestrup et al. 1995; Christensen and Bira 2001) . Endosomal trafficking of GTTR leads to the endoplasmic reticulum (ER), Golgi bodies, and lysosomes (Sandoval et al. 1998 (Sandoval et al. , 2000 Sundin et al. 2001) . Lysosomal retention of aminoglycosides by surviving hair cells following treatment has been implicated in the continuing degeneration of hair cells following cessation of treatment Dulon et al. 1993; Hashino et al. 2000) , but whether this is the primary site of aminoglycoside toxicity remains unclear. If lysosomal lysis were the major mechanism of aminoglycoside toxicity, the release of lysosomal hydrolases should accelerate the rate of necrosis. However, chronic low-level exposure to aminoglycosides increases the rate of apoptosis of kidney proximal tubule cells, but not necrosis (El Mouedden et al. 2000a; .
Gentamicin toxicity also induces intracellular oxidative stress and the release of mitochondrial enzymes, including cytochrome C, that are powerful promoters of apoptosis (Deshmukh and Johnson 1998; Hirose et al. 1999; Sha and Schacht 1999a,b; Walker et al. 1999; Cheng et al. 2002) . Thus, the association of gentamicin with mitochondria is not surprising. The mechanism(s) by which gentamicin induces functional changes in mitochondria still remains unclear. Nonetheless, loss of mitochondrial function will have severe ramifications in the highly metabolically active hair cells, including oxidative stress, increase in free oxygen radicals, and loss of ATP production, all of which contribute to induction of apoptosis.
Nuclear accumulation of gentamicin suggests that gentamicin could directly interact with nuclear material rapidly after uptake. Several previous studies have shown nuclear uptake of aminoglycosides in both the ear and kidney (Nassberger et al. 1990; Beauchamp et al. 1991; Ding et al. 1995 Ding et al. , 1997 . However, other studies have reported neither the presence nor absence of gentamicin in the nucleus (Hashino et al. 1997; Sundin et al. 1997; Girton et al. 2002) . Nonetheless, a subset of cystic fibrosis patients can be partially rehabilitated through gentamicin therapy, which causes bypassing of the premature stop codon in the cystic fibrosis (CF) mutation, allowing functional transcription of the CF transmembrane protein (Howard et al. 1996; Bedwell et al. 1997; Wilschanski et al. 2000; Clancy et al. 2001; Du et al. 2002; Zsembery et al. 2002) . This suggests that gentamicin can enter the nucleus.
Although accumulation of gentamicin causes numerous cytochemical Adams 2003a), cytoskeletal (Hackney et al. 1990; Steyger 1991) , and physiological changes (Staecker et al. 1996; Hirose et al. 1997 Hirose et al. , 1999 McLarnon et al. 2002; , the functional impact of aminoglycoside accumulation in hair cells still remains poorly understood. The data in this article show the validity of using fluorophore-conjugated gentamicin (GTTR) to characterize the intracellular distribution of gentamicin in fixed, whole-mounted tissues. It permits the acquisition of high-resolution, 3-dimensional datasets not possible with sectioned material. This fluorescent conjugate also avoids the regulatory, safety, and environmental issues inherent when using radio-labeled compounds in autoradiography. Current studies are assessing the potential for GTTR in pharmacokinetic studies to identify the mechanisms involved in gentamicin accumulation and toxicity. 
